on behalf of the CREDO-Kyoto PCI/CABG Registry Cohort 2, RESET, and NEXT trial investigators* Background--Prediction of thrombotic and bleeding risk is important to optimize antithrombotic therapy after percutaneous coronary intervention.
P rolonged duration of dual antiplatelet therapy (DAPT) after percutaneous coronary intervention (PCI) was shown to significantly reduce the risk of myocardial infarction (MI) and stent thrombosis (ST) compared with aspirin monotherapy in the DAPT (Dual Antiplatelet Therapy) trial. 1 However, prolonged DAPT was also associated with higher risk of bleeding events and marginally higher mortality risk. In meta-analyses including the DAPT trial, risks of bleeding and mortality were significantly higher in the long DAPT group compared with the short DAPT group. 2, 3 These results suggest that predicting the risk of thrombotic and bleeding events is important for determining the intensity of antithrombotic therapy, including the duration of DAPT after PCI in individual patients. The DAPT score was developed to differentiate between ischemic high-risk patients and bleeding high-risk patients by using a single scoring system: within the DAPT study, it successfully identified those patients who could benefit from prolonged DAPT without excess bleeding risk. 4 The DAPT study, however, excluded those patients who had bleeding events in the first year after PCI; therefore, the DAPT score can be applied only to those bleeding low-risk patients who could tolerate DAPT for 1 year after PCI. Risk prediction of thrombotic and bleeding events is more important just after PCI than after 1 year. Moreover, patients with high thrombotic risk were also reported to have high bleeding risk. 5 It has not been yet adequately addressed whether the use of a single scoring system for evaluating both thrombotic and bleeding risk is superior to the use of scoring systems dedicated to evaluating thrombotic and bleeding risk separately.
We sought to develop the prediction rules for the thrombotic events and the bleeding events separately in a large Japanese observational database of patients undergoing first coronary revascularization and to validate the developed risk scores in another Japanese cohort.
Methods
The data, analytical methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Study Population
We developed the 2 clinical prediction rules for thrombotic and bleeding events, named the CREDO-Kyoto (Coronary Revascularization Demonstrating Outcome Study in Kyoto) thrombotic risk score and the CREDO-Kyoto bleeding risk score. 6 We identified the derivation cohort of 4778 patients treated by PCI with exclusive use of sirolimus-eluting stent from the CREDO-Kyoto PCI and coronary artery bypass grafting registry cohort 2, which is an investigator-initiated multicenter registry enrolling consecutive patients who underwent first coronary revascularization procedures among 26 centers in Japan between January 2005 and December 2007 ( Figure 1A ). 7 The validation cohort consisted of 4669 patients treated with PCI with exclusive use of newgeneration drug-eluting stents (DESs) from the RESET (Randomized Evaluation of Sirolimus-Eluting Versus Everolimus-Eluting Stent Trial), and NEXT (Nobori Biolimus-Eluting Versus Xience/Promus Everolimus-Eluting Stent Trial) studies ( Figure 1B ). 8, 9 RESET and NEXT are prospective, multicenter, randomized trials in Japan comparing new-generation everolimus-eluting stents with first-generation sirolimuseluting stents and comparing new-generation biolimuseluting stents with everolimus-eluting stents, respectively. 8, 9 The relevant review boards at all participating centers for each study approved each research protocol for the 3 studies. Because of retrospective enrollment, the requirement for written informed consent from patients was waived in the CREDO-Kyoto PCI and coronary artery bypass grafting registry cohort 2; however, we excluded those patients who refused participation in the study when contacted for followup. Written informed consent was obtained from all study patients in RESET and NEXT. We excluded those patients with in-hospital death, MI, ST, ischemic stroke, and bleeding during the index hospitalization because those in-hospital events were closely related to the index event and/or the index PCI and thus were not suitable for use in constructing the clinical prediction rules for long-term thrombotic and bleeding events.
Clinical Perspective
What Is New?
• CREDO-Kyoto (Coronary Revascularization Demonstrating Outcome Study in Kyoto) thrombotic and bleeding risk scores demonstrated modest accuracy in stratifying thrombotic risk and bleeding risk separately in the derivation and validation cohorts of Japanese patients.
• Reflecting the overlap of the risk predictors for thrombosis and bleeding, a large proportion of patients at high thrombotic risk also had high bleeding risk, and their bleeding event rate was very high.
What Are the Clinical Implications?
• Our results would provide clinicians determining treatment strategies for antithrombotic therapy with individual risks of thrombotic and bleeding events after percutaneous coronary intervention.
• Further studies are warranted to explore optimal antithrombotic therapy in the population at high thrombotic risk for which bleeding risk is also substantial. Both the ARTS and ARC definitions adopted the same criteria for spontaneous MI (biomarker elevation above the upper limit of normal). The present study evaluated postdischarge clinical outcomes after PCI, and the majority of adjudicated MIs were not procedure-related but rather spontaneous. The definitions for the outcomes other than MI were identical across the 3 studies. ST was defined according to the definition of the ARC. 11 Ischemic stroke during follow-up was defined as stroke requiring hospitalization with symptoms lasting >24 hours. Bleeding was defined according to the GUSTO classification. 12 All clinical events were adjudicated by the independent clinical event committees in each study.
Data Collection and Follow-up
In all 3 studies, demographic, angiographic, and procedural data were collected from hospital charts or databases at each participating center according to the definitions prespecified by the site investigators or by the experienced clinical research coordinators in the study management center (Research Institute for Production Development, Kyoto, Japan). Follow-up data were obtained from hospital charts or by contacting patients or referring physicians with questions about vital status, subsequent hospitalization, and status of antiplatelet therapy. Persistent DAPT discontinuation was defined as withdrawal of either aspirin or thienopyridine lasting for at least 2 months.
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The follow-up duration was 5 years in the CREDO-Kyoto PCI and coronary artery bypass grafting registry cohort 2 and 3 years in RESET and NEXT. 8, 9, 14 In the present analysis, follow-up was truncated at 3 years to standardize follow-up duration in both the derivation and validation cohorts. To develop clinical prediction rules, we first dichotomized the continuous variables to ensure that the final model did not contain any continuous variables, so clinicians could categorize patients by the presence or absence of a factor without performing any calculations. The cutoff values of age ≥75 years, body mass index <25.0, hemoglobin <11 g/ dL, and platelet count <100 000/lL were derived from the previous report. 7 Patients with moderate and severe chronic kidney disease (CKD) were defined as those with an estimated glomerular filtration rate (eGFR) ≥30 and . ACE-I indicates angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; ARB, angiotensin II receptor blocker; BMI, body mass index; CKD, chronic kidney disease; CTO, chronic total occlusion; eGFR, estimated glomerular filtration rate; Hb, hemoglobin; LAD, left anterior descending coronary artery; LMCA, left main coronary artery; MI, myocardial infarction; PVD, peripheral vascular disease. 2 , respectively. Total stent length ≥36 mm and minimum stent size <3.0 mm were determined by the Youden Index on receiver operating characteristic curves. We constructed univariate logistic regression models to assess the strength of the association between the 26 potential predictors and thrombotic events and between the 19 potential predictors and bleeding events in the derivation cohort. Missing values were considered null because the developed clinical prediction rules should allow risk prediction based on the available information for any patient with any missing or uncertain variables. Missing data were found for 85 patients (1.8%) regarding body mass index, for 50 patients (1.0%) regarding eGFR, for 54 patients (1.1%) regarding hemoglobin, and for 22 patients (0.5%) regarding platelet count in the derivation cohort and for 31 patients (0.7%) regarding body mass index, for 25 patients (0.5%) regarding eGFR, for 13 patients (0.3%) regarding hemoglobin, and for 16 patients (0.3%) regarding platelet count in the validation cohort. From clinical context, the missing data of each value were categorized as body mass index <25.0, eGFR ≥60, hemoglobin ≥11.0 g/dL, and platelet count ≥100 000/lL, because physicians have to determine the likelihood of events in the future, even for patients with some missing data, by assuming no risk categories for variables with missing data. Variables found to be associated at P<0.10 in the univariate logistic regression models were included in the multivariate models. We constructed multivariate logistic regression models to select variables associated with the thrombotic and bleeding events separately in the same derivation cohort. Applying the backward model selection procedure to eliminate the variables with higher P values, we finally constructed multivariate logistic regression models using those variables with P<0.05 for each event. The results of the multivariate logistic regression models were then used to develop a clinical prediction model. 6 The b coefficient for each variable was divided by the smallest b coefficient and rounded to the nearest integer, which was used as the point for the variable. The risk score for an individual patient was determined by assigning points for each variable present and summing. The discriminatory performances of the models were assessed by receiver operating characteristic curve analysis in the derivation and validation cohorts. 15 We calculated the area under the curve (AUC) of each model in the derivation and validation cohorts and compared the corresponding models between derivation and validation cohorts. The resulting continuous distribution of each risk score of all patients in the validation cohort was then stratified into 3 categories of scores according to the level of probability. The intermediate-risk group was determined so that incidence was similar to that of the entire validation cohort. Those patients with higher and lower risk scores than the those of the intermediate-risk group were classified as the high-and low-risk groups, respectively. Cumulative incidence was estimated by the Kaplan-Meier method, and differences were assessed with the log-rank test for the 3 categorized risk groups. Statistical analyses were conducted by a physician (M.N.) and by a statistician (T.M.) with the use of JMP 10.0 and SAS 9.4 (SAS Institute) software. All statistical analyses were 2-tailed. P<0.05 was considered statistically significant.
Statistical Analyses

Results
Baseline Characteristics
Because of the differences in the study design, baseline characteristics were significantly different in several aspects between the derivation and validation cohorts. Regarding clinical characteristics, patients in the derivation cohort were younger and had lower body mass indexes than those in the validation cohort. Acute MI, hypertension, current smoking, heart failure, multivessel disease, and atrial fibrillation (AF) were more often found in the derivation cohort, whereas male sex, diabetes mellitus, prior MI, peripheral vascular disease (PVD), and dialysis were more prevalent in the validation cohort. Regarding procedural characteristics, the derivation cohort included more target lesions, longer total stent length, and smaller minimum stent size than the validation cohort. Left anterior descending coronary artery, chronic total occlusion, and bifurcation lesions were more prevalent in the derivation cohort than in the validation cohort. The prevalence of statin use was significantly lower in the derivation cohort than in the validation cohort (Table 1) . 
Thrombotic Risk Score
The prediction rule for the thrombotic risk assigned 2 points for severe CKD, AF, PVD, and anemia and 1 point for age ≥75 years, heart failure, diabetes mellitus, and chronic total occlusion ( Table 2 ). The thrombotic risk score ranged from 0 to 12, with peaks at 1 point in the derivation and validation cohorts (Figures 2A and 3) . Distribution of the thrombotic risk score categories was comparable in both the derivation and validation cohorts, with the majority of patients in the low thrombotic risk category (Table 3 ). Patients were classified by thrombotic risk score as high, intermediate, and low: High was ≥4 points (derivation cohort: n=693, 14.5%; validation cohort: n=682, 14.6%), intermediate was 2-3 points (derivation cohort: n=1263, 26.4%; validation cohort: n=1178, 25.2%), and low was 0-1 point (derivation cohort: n=2822 patients, 59.1%; ; validation cohort: n=2809, 60.2%).
The AUC for the thrombotic risk score was 0.68 in the derivation cohort and 0.64 in the validation cohort (Figure 4) . The CREDO-Kyoto thrombotic risk score was validated with modest accuracy in the validation cohort without significant difference in the AUC between the derivation and validation cohorts (P=0.23). Calibration of the model was tested on the entire cohort and proved satisfactory ( Figure 5A ).
Bleeding Risk Score
The prediction rule for the bleeding risk assigned 2 points for thrombocytopenia, severe CKD, PVD, and heart failure and 1 point for prior MI, malignancy, and AF ( Table 2 ). The variables incorporated in the bleeding risk score had considerable overlap with those incorporated in the thrombotic risk score (severe CKD, AF, PVD, and heart failure). The bleeding risk score ranged from 0 to 11, with the peak at 0 points in the derivation and validation cohorts ( Figures 2B and 3) . The distribution of the bleeding risk score categories was comparable in the derivation and validation cohorts, with the majority of patients in the low bleeding risk category (Table 3 ). Patients were classified by thrombotic risk score as high, intermediate, and low: High was ≥3 points (derivation cohort: n=638, 13.4%; validation cohort: n=666, 14.3%), intermediate was 1-2 points (derivation cohort: n=1455, 30.5%; validation cohort: n=1802, 38.6%), and low was 0 points (derivation cohort: n=2685, 56.2%; validation cohort: n=2201, 47.1%).
The AUC for the bleeding risk score was 0.66 in the derivation cohort and 0.66 in the validation cohort (Figure 4) . The CREDO-Kyoto bleeding risk score was also validated with modest accuracy in the validation cohort without significant difference in AUC between the derivation and validation cohorts (P=0.96). Calibration of the model was tested on the entire cohort and proved satisfactory ( Figure 5B ).
Clinical Outcomes Over 3 Years in the Derivation and Validation Cohorts
In the derivation cohort, primary thrombotic and bleeding events occurred in 230 patients (5.0%) and in 229 patients thrombotic risk scores in the derivation cohort had higher cumulative 3-year incidence of primary thrombotic events compared with those with intermediate and low thrombotic risk scores (11.8%, 5.8%, and 3.1%; P<0.0001; Figures 6A and 7A ).
Patients with high bleeding scores in the derivation cohort had higher cumulative 3-year incidence of primary bleeding events compared with those with intermediate and low bleeding risk scores (13.5%, 4.9%, and 3.2%; P<0.0001; Figures 6B and 7B ). In the validation cohort, primary thrombotic and bleeding events occurred in 156 patients (3.5%) and 175 patients (3.9%), respectively. In the validation cohort, there also was an incremental increase in the cumulative 3-year incidence of primary thrombotic events with higher thrombotic risk scores (7.6%, 3.7%, and 2.4%, respectively; P<0.0001; Figures 6A and  7C ) and an incremental increase in the cumulative 3-year incidence of primary bleeding events with higher bleeding risk scores (8.8%, 4.1%, and 2.3%, respectively; P<0.0001; Figures 6B and 7D ), although the absolute event rates in the validation cohort were lower than those in the derivation cohort ( Figure 6 ). There was close correlation of thrombotic and bleeding risk. In both the derivation and validation cohorts, the bleeding event rate was also markedly higher in patients with high thrombotic risk scores (Table 3 , and Figure 6C ). Among 693 and 682 patients with high thrombotic risk scores in the derivation and validation cohorts, respectively, 408 (58.9%) and 401 (58.8%), respectively, also had high bleeding risk scores; both the bleeding and mortality rates for these patients were extremely high ( Figure 8 , and Table 4 ). Only 35 patients (5.1%) and 39 patients (5.7%) in the derivation and validation cohorts, respectively, had low bleeding risk scores among those with high thrombotic risk scores (Figure 8 ). Among those with low thrombotic risk scores, the vast majority had low bleeding risk scores (Figure 8 ). An incremental increase in the incidence of primary thrombotic and bleeding events were observed with higher bleeding risk scores in patients with high thrombotic risk scores (Figure 9 ). The cumulative incidence of persistent DAPT discontinuation was not significantly different, regardless of the thrombotic and bleeding risk score categories in both the derivation and validation cohorts (Table 3 and Figure 10 ).
Discussion
The main findings of this study were as follows. First, the CREDO-Kyoto thrombotic and bleeding risk scores demonstrated modest accuracy in stratifying thrombotic and bleeding risk separately in the derivation and validation cohorts from Japanese PCI studies. Second, reflecting the overlap of the risk predictors for thrombosis and bleeding, a large proportion of patients with high thrombotic risk also had high bleeding risk, and the bleeding event rate among those patients was very high.
Several thrombotic and bleeding risk scores have been reported previously. A thrombotic risk score was proposed in the DAPT trial, the PARIS (Patterns of Non-Adherence to Dual Anti-Platelet Regimen in Stented Patients) registry, and TRA 2°P-TIMI 50 (Thrombin Receptor Antagonist in Secondary Prevention of Atherothrombotic Ischemic Events-Thrombolysis in Myocardial Infarction 50) trial. 4, 16, 17 CKD, PVD, age, heart failure, and diabetes mellitus were the common independent predictors for thrombotic events in the previous studies and in the present study. 4, 16, 17 In the PARIS registry, the procedural parameters were not included for derivation of the thrombotic score. 16 However, in a pooled analysis of 6 randomized trials investigating DAPT durations after PCI, long-term DAPT compared with short-term DAPT yielded significant reductions in major adverse cardiac events in the complex PCI group but not in the non-complex PCI group, suggesting that it would be important to include procedural complexity for deriving the thrombotic risk score. 18 AF was a characteristic thrombotic risk factor in the current study. Ischemic stroke is included as a thrombotic event in this study and could be the major reason for the emergence of AF as an independent risk factor for thrombotic events. In the DAPT trial and PARIS registry, thrombotic events were defined as the composite of ST or MI, whereas TRA 2°P- TIMI 50 included ischemic stroke as a thrombotic event. 4, 16, 17 Inclusion of ischemic stroke as a component of the thrombotic composite end point would be appropriate because ischemic stroke is clinically as important as MI and is a target of more intensive antithrombotic therapy in patients who underwent PCI. Bleeding risk score is established in the DAPT study, the PRECISE-DAPT (Predicting Bleeding Complications in Patients Undergoing Stent Implantation and Subsequent Dual Antiplatelet Therapy) study, the PARIS registry, ADAPT-DES (Assessment of Dual Antiplatelet Therapy With Drug-Eluting Stents), HORIZON AMI (Harmonizing Outcomes With Revascularization and Stents in Acute Myocardial Infarction), and CRUSADE (Can Rapid Risk Stratification of Unstable Angina Patients Suppress Adverse Outcomes With Early Implementation of the ACC/AHA [American College of Cardiology/ American Heart Association] Guidelines) trials. 4, 5, 16, [19] [20] [21] CKD, PVD, heart failure, and use of anticoagulation (or AF) were the common independent predictors for bleeding events in the previous studies and in the present study. 4, 5, 16, [19] [20] [21] In the present study, thrombocytopenia (platelet count <100 000/lL) emerged as an independent risk factor for bleeding events, although it was not evaluated in the previous reports. [19] [20] [21] The differences of independent predictors of thrombotic and bleeding events across studies might be due to the differences in race, study design, and patient population, although the risk factors identified in the present study were generally consistent with those in the previous studies. The present prediction rules assessing thrombotic and bleeding risks demonstrated modest accuracy in the derivation and validation cohorts, with AUCs in the range of 0.6 to 0.75, which was regarded as helpful discrimination in the clinical prediction models. 22 Similar
AUCs were reported in the DAPT and PARIS studies. 4, 16 Discussing the superiority of one risk score over another is beyond the scope of this study. Nevertheless, it would be preferable to use risk scores derived in the population with same or similar ethnic and/or geographic characteristics as the patient. More intensive antithrombotic therapy should be recommended based on the balance between thrombotic risk and bleeding risk in individual patients. The cumulative incidence of persistent DAPT discontinuation in the present study, however, was not different regardless of the thrombotic and bleeding risk score categories, suggesting that appropriate risk stratification was not performed in determining DAPT duration after PCI. Shorter DAPT duration in patients with high bleeding risk might have substantially reduced bleeding events.
There was substantial overlap of the predictors between the thrombotic and bleeding risk scores in this study. CKD, AF, PVD, and heart failure emerged as the common predictors for both thrombotic and bleeding events. Similar Figure 8 . Distribution of the bleeding risk score categories according to the thrombotic risk score categories in the derivation cohort (A) and the validation cohort (B).
results were also seen in the previous studies. 4, 16 Reflecting the overlap of the risk predictors, a large proportion of patients with high thrombotic risk also had high bleeding risk, and more intensive antithrombotic therapy would be contraindicated for those patients. Consequently, it would not be sufficient just to stratify thrombotic risk only when considering more intensive antithrombotic therapy. It might be reasonable to evaluate bleeding risk initially to determine the intensity of antithrombotic therapy or the duration of DAPT, as indicated in the 2017 European Society of Cardiology guidelines. 23 Further studies are warranted to explore the optimal antithrombotic therapy in the population with high thrombotic risk for whom bleeding risk is also substantial.
Study Limitations
Some limitations to our study should be considered. First, we did not have information on previous history of ST or bleeding events, which could be strongly associated with very high risk for thrombotic or bleeding events, respectively. Second, patients in the validation cohort were derived from randomized controlled trials; therefore, the types of patients included in the validation cohort would be different from those in clinical practice. There is also the chance that some patients might have been included in both the derivation and validation cohorts, because the validation cohort allowed enrollment of those patients with previous PCI. However, the enrollment periods of the 3 studies did not overlap; therefore, there was no possibility of including the same index PCI in different cohorts. Third, the prediction rules were derived from a population treated with early generation DESs, which are no longer used in current clinical practice; however, the prediction rules were validated in a population treated with the currently used new-generation DESs. Consequently, the differences in the types of DES would not have affected the predictors for thrombosis and bleeding after PCI. Finally, the present study results were based on the patient characteristics and clinical outcomes of Japanese patients. We should be very cautious in extrapolating these results outside Japan. We recently conducted an external validation study for the DAPT score, demonstrating that it could differentiate patients with high ischemic risk from those with high bleeding risk in a Japanese population 24 ; however, the thrombotic event rate was much lower in our validation study in Japanese patients than in the DAPT study. East Asian patients have been reported to have a lower rate of thrombotic events after PCI compared with Western patients. 25 The distribution of bleeding risk scores among the patients with high thrombotic risk might be different in a Western population compared with the participants in the present Japanese study and would have important implications for patients selection for intensive antithrombotic therapy after PCI.
A B Figure 9 . Cumulative 3-year incidence of thrombotic and bleeding events in patients with high thrombotic scores in the derivation and validation cohorts. A, MI, ST, and ischemic stroke according to the bleeding risk score categories. B, GUSTO moderate/severe bleeding according to the bleeding risk score categories. GUSTO indicates Global Utilization of Streptokinase and Tissue Plasminogen Activator for Occluded Coronary Arteries; MI, myocardial infarction; ST, definite or probable stent thrombosis.
